Traditional biopsy requires the removal, fixation, and staining of tissues from the human body. Its procedure is invasive and painful. Therefore, a novel method of optical biopsy is desired which can perform in vivo examination and is noninvasive, highly penetrative, with no energy deposition and damage, without invasive pharmaceutical injection, and with three-dimensional (3D) imaging capability and sub-micron spatial resolution. Two-photon fluorescence microscopy (TPFM) is previously applied for biopsy of skin due to its high lateral resolution, low out-of-focus damage, and intrinsic 3D section capability. However, for future clinical applications without surgery, current 700-850 nm based laser scanning technology still presents several limitations including low penetration depth, in-focus cell damages, multi-photon phototoxicity due to high optical intensity in the 800 nm wavelength region, and toxicity if exogenous fluorescence markers were required. Here we demonstrate a novel noninvasive optical biopsy method called harmonics optical biopsy (HOB), which combines both second harmonic generation imaging and third harmonic generation imaging. Due to virtual transition nature of harmonic generations and based on light sources with an optical wavelength located around the biological penetration window (~1300nm), our HOB can serve as a truly non-invasive biopsy tool with sub-micron three-dimensional spatial resolution without any energy deposition and exogenous contrast agents. From preliminary experiment result, our HOB can reconstruct 3D cellular and subcellular images from skin surface through dermis. Besides, by utilizing backward propagating detection geometry, we will show that this technique is ideal for non-invasive clinical biopsy of human skin diseases and even useful for the early diagnosis of skin cancer symptom such as the angiogenesis.
INTRODUCTION
For skin disease diagnosis, biopsy is a powerful tool. However, traditional biopsy requires the removal, fixation, and staining of tissues, cells, or fluids from the living body. The histological procedure is complicated, invasive and painful. Therefore, we require a non-invasive in vivo optical biopsy, which should provide non-invasive, highly penetrative, three-dimensional (3D) imaging with sub-micron spatial resolution. In vivo confocal laser scanning microscopy of human skin has been successfully demonstrated in 1995 with 150µm penetration depth and 6µm axial resolution [1] . By using long-wave-length laser (1064nm), the penetration depth can achieve 350µm [2] . However, confocal laser scanning microscopy needs a confocal pin hole to filter out of focus background noise to improve image contrast and axial resolution but the confocal pin hole also reduces the strength of signal and system sensitivity. Otherwise, the laser used in the confocal laser scanning system may induce photo damage on the tissue through optical path. These photodamage phenomena also limit the maximum optical intensity applicable in a confocal based biopsy system and reduce the signal intensity as well as the penetration depth. Optical coherent tomography (OCT) [3, 4] is another potential method for optical biopsy of skin, which can provide high penetration using 1.3µm wavelength light or submicron axial resolution with 725 nm broadband light source [5] . Recently, optical biopsy based on scanning two-photon fluorescence microscopy (TPFM) is in development in many groups [6, 7] . Compared with OCT, laser-scanning nonlinear microscopy provides much higher lateral resolution while the sectioned two-dimensional images are in the plane parallel to the surface, in contrast to the vertically sectioned images provided by OCT. Previous two-photon fluorescence biopsy of skin based on 780 nm femtosecond light provides high resolution imaging from the skin surface through the epidermal-dermal junction. However for future clinical applications without surgery, current 700-850 nm based laser scanning technology still presents several limitations including low penetration depth, in-focus cell damages, and multi-photon phototoxicity due to high optical intensity in the 800 nm wavelength region, and toxicity due to required exogenous fluorescence markers. Several mechanisms causing nonlinear photon damage with 740-800 nm excitation have recently been identified including oxidative photodamage caused by two-photon excitation of endogenous and exogenous fluorophores [8] or multi-photon-induced plasma generation [9] . Previous research has also indicated that using shorter wavelength for more efficient two-photon excitation also produces greater photodamage. These reports on the multi-photon-absorption-induced photo-damage by Ti:sapphire lasers in TPFM indicate the importance to reduce possible tissue damage while performing optical biopsy of skin with an high intensity light source. These photodamage phenomena also limit the maximum optical intensity applicable in a TPFM based biopsy system, which limit the signal intensity and thus the penetration depth. Previous studies suggested that with an 80MHz Ti:sapphire laser and a NA~1 objective, less than 7 mW average power could be applied to live subject to prevent possible optical damages [10] . Previous study also indicated that increasing the excitation laser wavelength to 1047 nm will allow long-term two-photon fluorescence imaging of mammalian embryos without compromising viability, however the average illumination power was still limited to 13 mW while a total exposure of only 2J could be applied to one embryo within 24hours imaging period [11] .
In this paper, we study the harmonics generation biopsy (HOB) of excised human skin using a femtosecond Cr:forsterite laser centered at 1230 nm [12, 13] . According to previously studies [14] , the result show that light attenuation (including both absorption and scattering) in the skin reaches a minimum around 1200-1300nm wavelength due to the combination of diminishing scattering cross-section with wavelength and avoiding the resonant molecular absorption of common tissue constituents such as water, melanin, and hemoglobin. Previous studies comparing contrast and penetration depth between 800 nm and 1300 nm light sources for OCT in live tissues suggested superior performance at 1200-1300nm [3] . Moving the operating wavelength of a nonlinear optical biopsy to 1200-1300 nm spectral regions can not only increase the penetration depth in skin but also reduce the multiphoton absorption crosssection and thus reduce the potential photodamage and phototoxicity. Our recent study using a femtosecond Cr:forsterite (1230 nm) laser indicated that the zebrafish embryos can be imaged repeated over the course of hours to days without observable damage and the zebrafish embryos can all developed healthily even with 100 mW average illumination power, for corresponding total exposure of 1-10KJ per embryo [15] . Even though the long excitation wavelength suppresses the autofluorescence in skin, moving the excitation wavelength longer than 1200 nm makes third-harmonic generation (THG) and second harmonic generation (SHG) microscopy possible due to visible THG and SHG wavelength that can avoid strong UV absorption in bio-tissues. Theoretically, Harmonic generations leave no energy deposition to the interacted matters due to their energy-conservation characteristic. This energy-conservation characteristic provides the "noninvasive" nature desirable for clinical imaging. Due to its nonlinear nature, the generated SHG and THG intensities depend on square and cubic of the incident light intensity. Similar to multi-photon induced fluorescence process, this nonlinear dependency allows localized excitation and is ideal for intrinsic optical sectioning in scanning laser microscopy.
MATERIAL AND METHODS
The fixed integument samples were removed from the back of a seventy-year-old female patient and preserved in formalin.at 4℃. The thickness of the samples under observation was on the order of 0.5 to 1 mm. Fig.1 shows our HOB system setup. The study of the harmonics optical biopsy of excised human skin was performed using a femtosecond Cr:forsterite laser centered at 1230 nm with 130 fs pulsewidth at a 110 MHz repetition rate. The infrared laser beam was first shaped by a telescope and then directed into a modified beam scanning system (Olympus Fluoview 300) and a microscope (Olympus BX-51) with an IR water-immersion objective (LUMplanFL/IR 60X/NA 0.9/Working distance 2mm ). The backward SHG or THG signals were collected in the reflection geometry using the same objective. A chromatic beam splitter, DM2, is used to reflect backward SHG and THG signals to a home-built light detection system. In this light detection system, the backward SHG and THG were divided by another chromatic beam splitter, DM3, and detected by two separate PMTs (Harmamatsu R4220P for THG and Harmamatsu R943-02 for SHG) with 410nm (THG) and 615nm (SHG) narrow band interference filters in front. The transmitted forward SHG and THG were collected by using a NA 1.4 achromatic condenser, divided by a chromatic beam splitter, DM1, and detected by two separate PMTs (Harmamatsu R928P) with 410nm and 615 nm narrow band interference filters in front. The illumination power applied to the sample was 100-150mW. The diffraction-limited spatial resolutions were 650nm in axial and 225nm in radial direction for transmission THG microscopy. Figure 2 shows an example of the vertically sectioned (x-z) forward-(F-) SHG (Fig. 2(a) ), F-THG (( Fig. 2(b) ), and the combined (Fig. 2(a) ) HOB images taken from the human epidermis to dermis based on forward collected multiharmonic generation signals. From the vertically sectioned F-HOB images, the general histological structures in both epidermis and dermis layers can be identified through the THG modality due to its sensitivity to local optical inhomogeneity [16] [17] [18] . For example, the coverglass-formalin interface, the stratum corneum,, stratum granulosum and the basal layer can all be easily picked up through the THG modality (for example, see Fig. 2 (b) ). SHG, on the other hand, mainly reflects the distribution of connected tissues in the dermis layer [19] [20] [21] (bottom of Fig. 2(a) ) due to strong SHG generation in collagen fibers. Through the F-SHG image (for example, see Fig.2 (a) ), other structures like the dermal papillary surrounded by connected tissues can also be clearly identified. Figure 3 shows horizontally sectioned (x-y) F-HOB image (THG modality) taken from epidermis. In this figure, micro-structures through all epidermis can be clearly resolved through THG with a sub-micron resolution. Figure 4 shows another horizontally sectioned HOB image (SHG modality) taken from the dermis layer at a depth of 136m from the skin surface. While SHG displays the rich collagen fibril structures in the dermal layer, other histological structures like dermal papillary and capillaries can also be identified. 
RESULTS AND DISCUSSION

Forward collected HOB of human skin
Backward collected HOB of human skin
Due to momentum conservation, the generated harmonic signals prefer forward emission and can thus be collected using the transmission geometry. However for future optical biopsy, reflection type geometry is preferred for the signal collection due to optically thick human bodies. Figure 5 shows an example of the vertically sectioned backward-(B-) SHG ( Fig. 5(a) ), B-THG (( Fig. 5(b) ), and the combined (Fig. 5(a) ) HOB images taken from the human epidermis to dermis based on backward collected multi-harmonic generation signals. Figure 6 shows horizontally sectioned (x-y) B-HOB image (THG modality) taken from epidermis and Fig. 7 shows another horizontally sectioned HOB image (SHG modality) taken from the dermis layer at a depth of 150µm from the skin surface. Compared with the F-HOB images ( Fig.2-Fig.4) , although the quality of backward harmonics generation images are worse than those of forward, the general histological structures in both epidermis and dermis layers can also be clearly identified. Therefore, our backward SHG and THG collected based HOB is ideal for noninvasive optical biopsy in vivo. 
CONCLUSION
In summary, current 800nm based two-photon optical biopsy technology still presents several limitations including finite penetration depth, in-focus cell damages, and phototoxicity due to the required high optical intensity and multiphoton absorption processes. Harmonics generation, however, can provide a truly non-invasive biopsy tool with excellent three-dimensional spatial resolution due to their virtual transition and nonlinear characteristics. Combining with a 1200-1300-nm light source, our study suggests that this technique could provide sub-micron resolution deeptissue non-invasive biopsy images in human skins without using fluorescence and exogenous markers. Due to backward propagating detection geometry, this technique is ideal for non-invasive clinical biopsy of human skin diseases and even useful for the early diagnosis of skin cancer symptom such as the angiogenesis
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